We investigated the manifestation of Rabi oscillation in the coherent dynamics of excitons in selfassembled semiconductor quantum dots. The Rabi oscillation phenomenon was directly observed as a function of the input pulse area. Furthermore, by performing wave packet interferometry in the nonlinear excitation regime, we discover a new type of quantum interference phenomenon, resulting from the interplay between Rabi oscillation and quantum interference. DOI: 10.1103/PhysRevLett.88.087401 PACS numbers: 78.67.Hc, 42.50.Hz, 78.47. +p, 78.55. -m Coherent manipulation of quantum states is a critical step toward many novel technological applications ranging from manipulation of "qubits" in quantum logic gates [1] to controlling the reaction pathways of molecules [2] . Both Rabi oscillation (RO) and quantum interference (QI) play central roles in coherent control. In the strong excitation regime, RO provides a direct control to the excited state population of a quantum system through the input area (i.e., time integrated Rabi frequency) of a single excitation pulse [3] . On the other hand, in the weak excitation regime, the quantum interference of probability waves excited with phase-tailored pulse pairs is utilized for wave function manipulation in atoms [4], molecules [2] , and semiconductor heterostructures [5] .
Coherent manipulation of quantum states is a critical step toward many novel technological applications ranging from manipulation of "qubits" in quantum logic gates [1] to controlling the reaction pathways of molecules [2] . Both Rabi oscillation (RO) and quantum interference (QI) play central roles in coherent control. In the strong excitation regime, RO provides a direct control to the excited state population of a quantum system through the input area (i.e., time integrated Rabi frequency) of a single excitation pulse [3] . On the other hand, in the weak excitation regime, the quantum interference of probability waves excited with phase-tailored pulse pairs is utilized for wave function manipulation in atoms [4] , molecules [2] , and semiconductor heterostructures [5] .
Atomiclike states of semiconductor quantum dots (SQDs) have been envisioned to be the building blocks of the solid-state quantum computer [1] . This technological motivation intensifies research efforts in coherent phenomena of SQDs. Numerous fundamental coherent properties common to ideal quantum systems such as atomic-like spectra [6, 7] , entanglement [8] , photon antibunching [9] , the modification of spontaneous emission rate by a microcavity [10] , and coherent wave function manipulation by using QI [7, 11] have been recently demonstrated in various types of SQDs. However, there have been very few investigations on RO in SQDs [12, 13] . This fundamental coherent phenomenon stands as a principal criterion in establishing an analogy among the fundamentally different quantum states of atomic/molecular systems [14 -16] and semiconductors [17, 18] . Furthermore, a recent theoretical investigation by one of the authors [13] predicted a dramatic change of quantum interference patterns when the excitation strengths of the phase-tailored pulse pairs become strong enough to induce nonlinear effects of RO in an excited state population. This new quantum interference phenomenon leads to the possibility of combining RO and QI to provide a new scenario of coherent manipulation.
In this Letter, we present direct experimental evidence of Rabi oscillation in individual self-assembled quantum dots (SAQDs). This study not only demonstrates a fundamental optical effect but also provides a way to determine optical properties such as dipole moments and radiative lifetimes. Furthermore, we report on the experimental observation of the new quantum interference phenomenon described above. In addition, our detailed theoretical investigations attribute this phenomenon to the interplay between RO and QI. Although RO has been recently observed in a differential transmission study of SQDs [12] , the time domain coherent dynamics of this phenomenon are totally unexplored. The evolution of our new QI patterns with relative phase and energy detuning of the pulse pairs reveals these coherent dynamics effects.
Our QD sample is a six-monolayer-thick In 0.5 Ga 0.5 As SAQD grown by molecular beam epitaxy [19] . Crosssectional scanning tunneling microscopy studies revealed that the QDs have average height, lateral dimensions, and dot-to-dot separation of 4.5, 20 -40, and 100 nm, respectively. We used a mode locked Ti:sapphire laser (Dt FWHM ϳ 6 ps and repetition rate of 82 MHz). We performed resonant excitation and collection of the photoluminescence (PL) signal on the cleaved edge of the sample to reduce the number of probed QDs effectively. The PL signals of QDs locating along the cleaved edge are dispersed by using the spectrograph and then imaged individually onto the array detector. (See Ref. [20] for further details of single dot spectroscopy.) All of our measurements were done at 15 K. We have conducted extensive investigations on energy level structures and dephasing processes of the excited states of this particular QD sample [7] . These studies revealed that the first excited states of some of the QDs are energetically isolated from other states and have very long dephasing times (T 2 's) of 40 -90 ps [7] . Since these two are important criteria for the observation of RO, we concentrated our studies on this kind of excited state.
It has been well known that the population of the excited state under strong resonant excitation undergoes a sinusoidal oscillation (RO) as the function of input pulse area u defined by u͑t͒ R m are the envelope function of the laser pulses and the transition dipole moment of a two-level system, respectively [3] . In atomic and molecular systems, this phenomenon had been directly observed by measuring the fluorescence signal as the function of input pulse area [15] . We report a similar experiment on an excited state of an individual SAQD. We can consider the SAQD as a three-level system shown in the inset of Fig. 1(a) . We resonantly excited the j2͘ state. Since this state is nonradiatively coupled to the exciton ground state (j3͘), the population of the j2͘ state can be monitored through the PL intensity of the j3͘ state. Figure 1 (a) displays the PL intensity as the function of the square root of the average power density, which is directly proportional to the total input area of our mode locked laser pulse. The plot clearly shows the oscillation very similar to those shown in Ref. [15] . This is the direct observation of Rabi oscillation in an excited state of a SAQD. A portion of the excited state population loses its phase coherence during the pulse excitation. While this portion can no longer participate in RO, it still contributes to the PL signal of the j3͘ state and gives rise to the residual signal observed at 2p excitation. This simple experiment also provides an effective way of measuring several important optical properties. For example, the input area u of the pulse can be determined by assigning the excitation strength at the maximum/minimum points of Fig. 1 To study the coherent dynamics resulting from the interplay of RO and QI, we performed the single dot wave packet interferometry measurements in the strong excitation regime. In similar studies conducted at the weak excitation regime [7, 11] , the QI generated by the resonant excitations with picosecond pulse pairs [ Fig. 2(a) ] gives rise to the sinusoidal oscillation of an excited states population as the function of time delay. This oscillation (at optical frequency) was monitored through PL of the j3͘ state [inset of Fig. 2(b) ]. The envelopes of the oscillations undergo symmetric exponential decay due to dephasing [ Fig. 2(b) ]. These two key features of QI, sinusoidal oscillation at the fine time scale and symmetric exponential decay of the envelopes at the long time scale, change dramatically in the strong excitation regime.
Figure 2(c) shows the fine time (t f ) scale QI patterns measured at different coarse time delay steps (t d 's) and excitation strengths. The excitation strength is given in terms of the input area per pulse (u p ) of the excitation pulse pairs. For all the steps of t d 's, the oscillation of the excited state population with t f is sinusoidal at weak excitations (i.e., u p , 0.3p). At strong excitations, while patterns observed at t d longer than 16 ps are nearly sinusoidal, the oscillation patterns become nonsinusoidal for t d 's less than 16 ps [ Fig. 2(c) ]. Furthermore, these patterns change as we detuned the excitation energy away from the resonance, as shown in Fig. 3 The qualitative understanding can be attained by analyzing the effect of modulation in the total input area of the pulse pairs (u total ). When two pulses of the excitation pairs are completely overlapped at t d 0 ps, scanning t f with fine steps, as shown in Fig. 2(a) , simply modulates the electric field and u total via the optical interference. Figure 1(b) shows this oscillation of u total for three excitation strengths of Fig. 2(c) . At low excitation strengths of u p # 0.3p, the approximately linear dependence of excited state population upon u total leads to the simple sinusoidal oscillation of the population as the function of t f . As u total increases beyond p, the population at the maximum pulse area decreases due to RO and the dip at the peak of sinusoidal oscillation appears as shown in Fig. 2(c) . This dip goes deeper as the maximum of u total approaches 2p. At u total 2p, the dip would reach to the bottom if there were no dephasing. However, dephasing of some population during the pulse excitation gives a residual PL signal as discussed earlier . At t d 's longer than 16 ps (i.e., ϳ2Dt) , u total no longer varies with t f . Therefore, the interference of two wave packets with phase difference vt d leads to the sinusoidal oscillation for all the excitation strengths.
To gain quantitative understanding on the details of these patterns, we performed density matrix calculations, taking the experimentally determined u p (from Fig. 1 ) and dephasing time (T 2 ) as input parameters. We consider the interaction between the three-level system shown in Fig. 2(a The coherent dynamical processes can be conceptually visualized as the motion of the Bloch vector r whose z component represents the population inversion (r z r 22 2 r 11 ) [3] . The motion can be described by the Bloch model ᠨ r r 3 G 2 G r with the gyration vector, G
where V 0 , t d , Dv, and G r denote the Rabi frequency (m´0͞h), the total time delay (t d 1 t f ), the amount of detuning from the resonance, and the relaxation terms, respectively. Excitation with pulse pairs gives the phase factors cos͑vt d ͒ and sin͑vt d ͒. Because of these phase factors, the trajectories of r's traced during the excitation become strongly dependent upon t d . The trajectories calculated for four different t d 's, (t 1 t 4 ) [see second row of Fig. 3(b) ], are shown in Fig. 3(c) as examples. The last points of the traces, indicated by white circles, reflect the values of r 0 22 's. At t 1 and t 3 , the r's start from the south pole of the Bloch sphere and turn around to the vicinity of the south pole, leading to low signals. On the other hand, at t 2 and t 4 , the r's do not return to the neighborhood of the south pole, and r 0 22 's retain large values. These inspections provide understanding on how the interplay of RO and QI drives the r and gives rise to the t f scale oscillation patterns.
In addition to the fine time scale oscillation features, the decay of the envelopes at a long time scale also changes dramatically. In Fig. 4(a) , we plotted the envelopes of the Fig. 4(b) ] also show similar asymmetric decays in agreement with the experiment. In the linear (weak excitation) regime, the pulse pairs induce the constructive and destructive quantum interference of carrier waves, and the correlation trace shows a symmetric decay pattern toward the long t d 's where two pulses contribute independently to the signal. On the other hand, in the nonlinear (strong excitation) regime, the population of the exciton ground state j3͘ accumulates during the pulse interval and pushes up the minimum envelope of the correlation trace, leading to the observed asymmetric decay.
At a low excitation strength, the envelope of maximums always has its peak at t d 0 ps, irrespective of detuning from the resonance (Dv). However, in the strong excitation regime, a dip in the envelope of maximums appears at Dv fi 0, and it goes deeper and wider as Dv increases [ Fig. 4(a) ]. This "dip feature," also reproduced in the calculations [ Fig. 4(b) ], can be explained by using the Bloch vector model. In the presence of Dv, the gyration vector G deviates from the horizontal plane, and the complete overlap of two pulses at t d 0 ps does not always yield the maximum value of r 22 . Instead, some values of t d 's are more effective to push up the Bloch vector leading to a large value of r 22 . This is again a consequence of the sensitive dependence of the G on t d . In summary, we explored the manifestation of Rabi oscillation in the coherent dynamics of excitons in SAQDs. Rabi oscillation was directly observed. In addition, experimental and theoretical investigations revealed that the interplay between RO and QI gives rise to a new type of quantum interference phenomenon. This phenomenon could be utilized to manipulate the amplitude and the phase of the probability waves simultaneously, thus providing a possible new scenario of coherent manipulation.
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